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INTRODUCTION
Accelerated growth in the use of positron emission tomography (PET) for studying in vivo physiological and metabolic processes by tagging biologically active chemicals has resulted in a steady increase in the number of PET radiopharmaceutical production sites in Taiwan since 1992. The short half-lives of the radiopharmaceuticals labeled with positrons ( 18 F, t1/2 = 109.74 min; 11 C, t1/2 = 20.48 min; 13 N, t1/2 = 9.97 min;
15 O, t1/2 = 2.04 min) are most commonly adopted in PET studies and must be generated nearby by a cyclotron. [1] [2] [3] [4] Ten medical cyclotrons with PET scanners are either operating or planned at the Nuclear Medical Department. The Chung Shan Medical University Hospital (CSMUH) is the only medical center in Taichung (which means "Central Taiwan" in Chinese) that has a self-shielded Radioisotope Delivery System (CTI RDS-111) cyclotron. Neutrons that are emitted from (p, γn) reactions, however few, represent a hazard to the health of medical personnel and the public. These neutrons are known to have a broad neutron spectrum with mean of 2 MeV. Therefore, neutrons leak out through walls of the cyclotron room. 5) 
MATERIALS AND METHODS
A RDS-111 cyclotron, installed in the basement of the facility, went fully operational in Sept. 1998. The PET cyclotron can accelerate proton beam of up to 80 μA.
7) The RDS-111 cyclotron is surrounded by a surface shielding system that consists of two interlocking shielding blocks. The system has an inside layer that is 30 cm thick and an outside layer that is 70 cm thick. The system is a mixture of polyethylene (PE), boron carbon and concrete that moderates and captures the neutrons produced in the water target. The shielding system is a main radiation shield that surrounds the accelerator for radiation protection, reducing neutron and gamma ray.
7) The photon dose equivalent rate ranges from 0.08 to 16 μSv h -1 measured by a gamma dose rate detector (FHZ 621 G-L4-E, Thermo electron corp., Germany) stationed on point P. 8) Neutrons that leak into the cyclotron room raise health concerns for medical personnel and the public. Figure 1 presents the CSMUH cyclotron center layout. The cyclotron room adjoins a hot laboratory via a maze entrance. The cyclotron room has an area of 8.2 × 6.7 m 2 and a height of 4 m. The walls of the cyclotron room are 70 cm thick and made of concrete. Only the wall that adjoins the hot laboratory, that the operator's station is placed, is 50 cm thick. The ceiling is 100 cm thick and the floor is 150 cm thick and also made of concrete. Access from the maze to the cyclotron room is through two motor-driven slide doors (d1 and d2) made of 1 cm-thick Pb and 5 cm-thick PE. 7) To map the neutron DR distributions, the BIOREM FHT-751 neutron detection system, made by the FAG Co., was used. The FHT-751 detector has a cylindrical moderator with a diameter of 20.8 cm and an internal diameter of 2.6 cm; its end hole is closed and to hold the FHZ-751 10 BF3 counter.
9) The enriched 10 BF3 tube has a 56.1 cc active volume. The FHT-751 was connected via a preamplifier to a notebook computer. The manufacturer has proposed an operating range of 650 nSv h -1 up to 4 × 10 8 nSv h -1 for originally designed for neutron monitoring of neutron facility. Hence, for measuring low intensity cyclotron neutron, this system was calibrated using two 252 Cf neutron sources and simulated in Monte Carlo neutron-photon (MCNP) code at the authors' laboratory.
10) The source strengths Cf neutron source, was used herein.
10) The FHT-751 counting system was exposed to 3 × 10 7 nSv h -1 of γ radiation from 500 mCi (18.5GBq) 137 Cs source and did not show any change under intense γ radiation interference.
9)
The center of the floor of the cyclotron, point "O" is defined (0, 0, 0), and all dimensions are quoted in meters (as in Fig. 1 ). Each measurement of the FHT-751 system is made along the x, y and z axes, on the floor or 1m above the floor of the cyclotron room. Measurements are made at a total of 37 detecting points using the FHT-751 during 3 hour operating cycles. All of the measurements were made using a 35 μA proton current; the system's random and noise rates, 0.00019 ± 0.0001 cps, generated by the FHT-751 itself was subtracted from the net count.
10) The FHT-751 was set to store the CRn in the notebook computer every 20 min during the cyclotron operation periods.
The ratio (R) of the neutron DR between on the floor (DRf) to that 1m above the floor (DR1m) is given by R = .
DR1m is representatives for DRs of a person standing upright. 
RESULTS AND DISCUSSION

Neutron DR in cyclotron room
All of the measurements reveal that the surface of the interlocking shielding blocks yielded the greatest neutron DRs, as presented in Figs. 2(a) , (b) and table 1. Neutron DRs in the maze were 0.91 ± 0.01 μSv h -1 near the sliding door (d1) of the cyclotron room next to the other sliding door (d2), and 0.15 ± 0.04 μSv h -1 at the other end near the hot laboratory. The FHT-751 measurements within the cyclotron room indicated a large gradient at which neutron DRs vary from 1.5 to 120 μSv h . At 1 m above the floor at point A', (-1, -0.65, 1), the neutron DR1m was also extremely high, 50.04 ± 0.09 μSv h -1 , or 75,000 times the neutron DRs measured in Taichung city. 11) This result is suspected to follow primarily from some looseness of the two interlocks of the shielding blocks. Maintenance workers and personnel should not be allowed in the cyclotron room and maze during cyclotron operation, because of the high neutron field and γ-rays therein. Moving the FHT-751 farther from cyclotron next to the sliding door at point B (-3.6, -4.2, 1) yields a reading, 2.48 ± 0.01 μSv h -1 , which is only 2.02% that measured at point A', because of the distance between point B and the target. However, Fig. 2(a) demonstrates that neutron DR1m decreases as the distance from the interlocking shielding block increases. Figure 3 reveals that decrease in R is related to the increase in the distance to the interlocking shielding block from the highest, 8.10 ± 0.02 (point C (-1, 0.65, 0)) to the lowest 0.88 ± 0.01 (point D (0, -1.85, 0)) μSv h -1 . The differences were associated with the different levels of moderation depending on the layout of the cyclotron center. This correspondence reflects the weakness of the self-shielded design of the lower part of the RDS-111 cyclotron. Neutrons can penetrate into the self-shielded design and spray into the hot laboratory. Figure 1 presents the spots that are closest to the medical personnel on duty in the hot laboratory. Leakage neutrons can be reasonably assumed to penetrate far through the 50 cm-thick concrete wall and maze, and then to spray into the hot laboratory. Over a total counting period of 2 × 10 5 s, the background neutron DR1m at point E was determined to be 0.66 ± 0.04 nSv h -1 , when nearby Varian 2100 linear accelerators of CSMUH were off duty. This value equals that 0.67 ± 0.12 nSv h -1 measured in Taichung. 11) Since the duty factor of the CSMUH cyclotron is 50 weeks of operation per year, and five three-hour operations a week, the annual "extra" dose for medical personnel stationed in the hot laboratory associated with penetrating neutrons at point F in Fig. 1 12) Pevey et al. measured the neutron DR at the location nearest to the unshielded CTI RDS-111 cyclotron is 6.3 × 10 3 nSv h -1 at china, 13) it is higher than self-shielded CTI 111 cyclotron in this study. Pevey et al., also uses the ALICE 91 code (come from MCNP 4B) to obtain the neutron spectra of 11 MeV originated by unshielded CTI cyclotron during 18 O(p, n) 18 F reaction. The neutron DR was 6.7 μSv y -1 at the nearest place to entrance, that is about 7.5 m from target (beamline 1). These values reveal that the extra neutrons raise no health concern for medical personnel in CSMUH during the operation of the cyclotron. Additionally, the actual neutron DRs at the vicinity outside of cyclotron area, including linear accelerators, is worth measuring in further study.
Neutron DR for medical personnel
CONCLUSIONS
This work is the first to evaluate neutron DRs in the facility of CTI RDS-111 cyclotron center with an FHT-751 neutron counting system. Two-dimensional distributions of measured neutron DR were mapped, and indicated heavy leakage of neutrons through interlocking self-shielded blocks. These neutron DRs reveal strong variations among positions close to the interfacing shielding blocks. The neutron DRs in the cyclotron room range from 120 to 1.5 μSv h -1 during the operation of the cyclotron. The DR is highest on the floor of the interlocking block 122.3 μSv h -1 , indicating the weakness of the self-shielded design of the lower part of the RDS-111 cyclotron. Otherwise, neutron DR of this self-shielded CTI RDS-111 cyclotron is about 1.1% of unshielded cyclotron in China.
13) The annual "extra" neutron DR for medical personnel is under 60 μSv during a year of operation, far below the recommended ICRP 60 limit. The results reveal that the self-shielded system adequately protects laboratory personnel. 
